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Exceptionally preserved sauropod eggshells discovered in Upper Cretaceous (Campanian) deposits in
Patagonia, Argentina, contain skeletal remains and soft tissues of embryonic Titanosaurid dinosaurs.
To preserve these labile embryonic remains, the rate of mineral precipitation must have superseded post-
mortem degradative processes, resulting in virtually instantaneous mineralization of soft tissues. If so,
mineralization may also have been rapid enough to retain fragments of original biomolecules in these
specimens. To investigate preservation of biomolecular compounds in these well-preserved sauropod
dinosaur eggshells, we applied multiple analytical techniques. Results demonstrate organic compounds
and antigenic structures similar to those found in extant eggshells.
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1. INTRODUCTION

The recent discovery of titanosaurid dinosaur eggs
containing embryonic remains in Argentina shed light on
the phylogeny (Chiappe ez al. 1998, 2000, 2001),
development (Chiappe et al. 2001) and behaviour
(Chiappe er al. 2004) of this important group of extinct
vertebrates. Dinosaur eggs from this locality preserve not
only embryonic bone material, including articulated skulls
(Chiappe ez al. 2001), but also the first reported fragments
of embryonic dinosaur skin, preserved not simply as
impressions, but in three dimensions (Chiappe et al. 1998;
figure 1). The preservation of embryonic soft tissues is
highly significant, because it indicates unique depositional
and geochemical conditions that resulted in rapid and
complete mineralization of these very labile soft tissues
before degradation could occur. These taphonomic con-
ditions extend to the eggshell, and as a result, both eggs and
their contents represent a unique opportunity to elucidate
taphonomic conditions resulting in exceptional preser-
vation. We define exceptional preservation as a taphonomic
mode preserving soft tissues, original biomolecules or their
altered fragments, original mineralogy and/or other
features normally lost during diagenesis. The exceptional
morphological preservation of these specimens encour-
aged analytical experiments designed to determine if this
preservation extended to the molecular level.

The microscopic, molecular and elemental analyses we
describe herein are limited to eggshell, rather than embryo-
nic remains, because of the destructive nature of these
analyses. Eggshell was more prevalent (though less
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morphologically informative) than embryonic remains,
and serves as a proxy for the preservational state of the
rarer embryonic bone and skin. Immunological data support
the presence of at least some immunogenic molecules in
these fossil shells that, although altered, share characteristics
in common with organic material in extant eggshells.

2. GEOLOGIC SETTING

Sauropod eggs and embryos were recovered from the
Anacleto Formation (uppermost unit of Neuquén Group)
near Auca Mahuevo (Chiappe ez al. 1998, 2000, 2001,
2004). This unit has been assigned by Legarreta &
Gulisano (1989) to middle Campanian, a date recently
confirmed by Dingus er al. (2000) for Auca Mahuevo
outcrops using palacomagnetic data.

Sedimentological evidence suggests a palaeoenviron-
ment characterized by mixed-load meandering rivers
developed over a low-gradient, extensive floodplain.
Thick overbank deposits show signs of recurrent, period-
ical flooding events that buried the nests and contributed
to preservation of the eggs over time. Pedogenic caliche
levels and heavy phytoturbation (root-traces) influence the
overbank and older channels deposits, indicating well-
developed palaeosols and abundant vegetation. However,
the only fossil evidence of this vegetation is in the form of
small- and medium-sized plants.

Caliche formation and vertisol development, together
with the presence of evaporitic sediments in the sequence,
suggest warm and relatively arid palaeoclimatic conditions
with a pronounced alternation of wet and dry seasons
(Esteban & Klappa 1983; Goudie 1983; Bridge 1984;
Jerzykiewicz & Sweet 1987).

© 2005 The Royal Society
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Figure 1. Transmitted light microscopy image of skin
fragment from sauropod embryo. Intricate scale pattern is
clearly visible.

The eggs are arranged in clutches distributed across at
least four stratigraphic layers in an 85 m thick sequence of
sandstone, siltstone and mudstone (Chiappe et al. 2000,
2004). In each horizon, clutches typically contain 15-30
eggs arranged in layers, and are found in depressions
underlain by either mudstone or sandstone. After the eggs
were deposited, flooding events caused the depressions to
be filled with silty mud that that settled out of suspension.
Channel and crevasse-splay deposits, represented by thin
sandstone lenses that interfinger laterally with mudstone
units, are found within some regions of the egg-bearing
intervals. The clutches are located within silty, reddish-
brown mudstone units with slickensided surfaces that
indicate vertisol development (Chiappe ez al. 2000). The
depressions containing several clutches truncate bedding
and sedimentary structures, suggesting excavation by the
adult sauropod (Chiappe ez al. 2004).

3. MATERIAL AND METHODS
See Electronic Appendix.

4. RESULTS

(a) Microscopy
It is beyond the scope of this paper to undertake a
complete discussion of eggshell microstructure, ootaxo-
nomy and its interpretations. The literature is replete with
examples, classification and analyses of extant and fossil
vertebrate eggshell structure. However, briefly, the shell
microstructure of these eggs is consistent with
Megaloolithidae (Mikhailov 1991, 1992; Hirsch 1996;
Carpenter 1999; Khoring 1999), an ootaxon traditionally
associated with Sauropoda (Hirsch 1996). Lack of
definitive embryonic remains associated with shells has
made that assignment tentative until the discovery of these
specimens with embryonic remains (Chiappe ez al. 1998).
The quality of morphological preservation of these
fossil shells is demonstrated using transmitted light and
scanning electron microscopy (figure 2a,b). External shell
morphology consists of closely spaced knobby projections,
or tubercles (T; figure 2a), with straight, unbranched
pores (P) for gas exchange arranged in the depressions
between tubercles (Chiappe er al. 1998). Radial ground
sections of some specimens show intact shell units
(figure 2a) as vertical columns with roughly parallel,
distinct margins, showing minimal alteration of original
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structure. Fine laminations seen in transmitted light
microscopy (figure 2a, arrowheads) represent periodic
accretion of mineral upon the organic matrix of the shell
during biomineralization, tracking outward growth of the
shell from nucleation sites within the external shell
membrane (SM) (Vianey-Liaud er al. 1994; Carrino
et al. 1996; Chiappe er al. 1998; Carpenter 1999;
Grellet-Tinner er al. 2004). Erosion seen at the base of
the shell units (figure 2a,b) may be the result of
demineralization by the embryo or of subsequent early
diagenetic dissolution. The borders of these eroded areas
are lined with a dark brown, non-translucent material
consistent with diagenetically altered organics. In
addition, apparent organic cores (OC, figure 2) can be
seen embedded in a laminated material (SM) that lies
immediately internal to the mineralized shell, features
confirmed in electron microscopy (figure 25). Based upon
location, structure and comparison with extant taxa (e.g.
figure 2¢), we hypothesize that this material may represent
remnants of preserved SM, permineralized by calcite
precipitation during fossilization (Jackson ez al. 2002).

This membrane-like feature is also visible in figure 3,
which shows a cross-section of a double-shelled egg.
These pathological eggs, similar to other described
pathological dinosaur eggs (Zelenitsky & Hills 1997;
Hirsch 2001), were quite common in this nesting horizon.
The fibrous material interpreted as membrane (M) divides
the two sequentially biomineralized eggshell layers
(Jackson et al. 2002, 2004) consistent with occurrences
in extant birds (Jackson & Varrichio 2002 and references
therein) and reptiles (e.g. Ewert et al. 1984).

5. ELEMENTAL ANALYSES

Energy dispersive X-ray (EDX) elemental analyses shows
that element distributions in both sauropod shell and
membrane are within the range of variation seen in
comparable extant samples (figure 4a—d; table 1),
suggesting minimal diagenetic alteration. Freshly
fractured surfaces of sauropod eggshell (figure 4a) also
show that the elemental content of the shell differs from
that of the membrane (figure 4b) in both weight per cent
and atomic per cent (table 1). These compositional
differences were most probably present during formation
of the egg, as they are consistent with those observed in
extant specimens (figure 4¢,d). The membrane is enriched
in traces of Mn, Mg, Al, Si and K, elements that are also
present in one or more examples of extant SMs, but not
present in the shell itself. Similar distributions of minor
elements are seen in extant shell and membrane from
chicken, ostrich and crocodile (table 1), suggesting that
these distributions reflect original composition rather than
diagenetic artefact. Ratios of the most common elements in
both shells and membranes (Ca, C, O) show that extant
ostrich shell values are more similar to sauropod shells than
to other extant shells in both atomic and weight percentages.
These values for membranes across taxa, however, demon-
strate wider variation, and reflect the greater degree of
mineralization of sauropod membrane relative to other taxa.
Weight per cent ratios are depicted graphically in figure 5.

(a) Extraction of organic components
Eggshell is a composite material, consisting of calcite mineral
(in most hard-shelled eggs) deposited on a pre-existing
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Figure 2. (a) Tangential ground section of sauropod eggshell, showing external topography in the form of small knobs or
tubercles (T), shell units, accretion lines indicating periodic mineral deposition (black arrowheads), and organic cores
(OC, arrows) embedded within shell membrane (SM). A pore (P) extends to the outer surface for oxygen exchange. Scale
bar, 1 mm. (b) Scanning electron micrograph (SEM) of sauropod shell in tangential section, showing external tubercles (T),
shell units, membrane (SM) and organic cores (OC). Scale bar, 200 um. (¢) SEM of extant domestic fowl. Shell units are
visible, and organic cores (OC, arrows) are seen embedded in the SM. Scale bar, 100 um.
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Figure 3. Scanning electron micrographs of double-layered (pathological) sauropod eggshell in tangential section.
(a) Tubercles (T) delineate the external surface. Preserved shell membrane (M) in between and separating the two layers of
shell. Arrow indicates a pore in the depressed region between tubercles connecting exterior to interior of shell.
(b) Magnification of area shown in (a), illustrating the difference in texture between the membrane layer (M) and the

surrounding shell matrices. Scales are as indicated.

protein-derived matrix (Dennis ez al. 1996, 2000; Arias &
Fernandez 2001). Analysis of the organic fraction requires
chemical extraction. To prepare the sauropod eggs for
extraction, they were subjected to surface grinding to remove
external contamination. Surface grinding and subsequent
crushing of the sauropod shells released a very strong
petroliferous odour arising only from the shell, and not from
the surrounding sediments or precipitated calcite matrix.
This petroliferous odour grew progressively stronger during
demineralization of fossil eggshell fragments, but did not
accompany demineralization of either extant material or
mineral precipitate adjacent to the shell. After grinding to
remove surface contamination, fossil and extant eggshells
and mineral precipitate were incubated with a guanidinium
isothyocyanate buffer to extract organic components,
followed by extensive dialysation and subsequent lyophi-
lization (see Electronic Appendix, methods).

The dialysed supernatants of fossil shell extracts did not
lyophilize to completion but left a thick, oily residue with a
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brownish hue. Chicken eggshell likewise left an oily but
colourless residue. Conversely, while the sediments had a
greater mass to begin with than any eggshell, both
sediment extracts and buffer controls had minimal residue
after lyophilization, and what remained was colourless,
and crystalline rather than oily.

(b) Immunological analyses

Sera obtained from rabbits immunized with chemically
extracted fossil and extant eggshells were tested for reactivity
against various antigens using enzyme linked immunoassay
(ELISA). Figure 6 graphically depicts the results of a
representative ELISA. Pre-immune sera (drawn from the
host before immunization, white, dark grey bars) show no
significant reactivity with any antigen tested by ELISA
assays. Sera from rabbits immunized with either chicken
(light grey bars) or sauropod (black bars) shell extract
demonstrated antibody binding to extracted chicken shell
and to ovalbumin, an abundant protein in eggshell organic
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Figure 4. Energy dispersive X-ray (EDX) elemental profile taken through clean fracture of sauropod shell (@) and membrane
(b), compared with extant ostrich shell (¢) and membrane (d). Element profiles are similar, with a similar content and
distribution of trace elements in the membranes not present in the shells. Carbon is higher in the ostrich membrane than the
shell, indicating a greater organic content. More labile elements are missing from the fossil analyses (e.g. Cl and Na) as

would be expected.

matrices and SMs (Nys et al. 1999, 2001; Panheleux ez al.
1999; Arias & Fernandez 2001) significantly above back-
ground levels. However, only dinosaur shell antibodies
reacted above background to dinosaur shell antigen by this
method. While reactivity was greatly decreased from that seen
with chicken shell antigen, it was elevated above both pre-
immune serum and all sera tested against extracted calcite.
To demonstrate localization of antigens present in
fossilized specimens, and to demonstrate that the antibodies
are specific for endogenous antigens and not materials that
infiltrated during or after the mineralization process,
antisera and pre-immune sera were incubated with ground
sections of sauropod, chicken and crocodile eggshell. As in
ELISA, pre-immune sera did not react with any of the
eggshells tested, but immune sera raised against both
chicken and dinosaur shell extracts demonstrated specific
and localized reactivity (figure 7). Both sera have similar
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binding patterns, whether on sauropod (figure 7a,b) or
chicken eggshell (figure 7¢,d) ground sections. Relatively
homogeneous distribution of fluorescent signal across the
shell (palisade layer; Jackson & Varrichio 2002) reflect
localization of matrix proteins in extant material
(figure 7c¢,d). Binding of both dinosaur antibodies and
chicken antibodies is greater in regions high in protein
content (e.g. external shell, corresponding to thin layer of
organic cuticle, and interior of shell corresponding to
mammillary layer (ml) and OC. Similar distribution is
seen in ground sections of chicken shell. Very bright and
patchy distribution may reflect non-specific adherence of
antiserum to roughened regions of the dinosaur shell or
infilling mineral, but in most regions corresponding to
calcite precipitate (CP, arrows), antibody binding is
decreased over the rest of the shell, and signal is localized
to the shell matrix, membrane, and OC.
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Table 1. Table showing weight and atomic per cent values for element distribution.

element sauropod shell chicken shell crocodile shell ostrich shell
wt% at% wt% at% wt% at% wt% at%
C 16.58 26.16 17.32 26.11 20.07 30.98 15.97 25.75
Ca 46.24 21.87 35.84 16.19 37.76 17.47 42.53 20.55
O 43.5 51.54 50.81 57.5 44 .44 51.51 44.23 53.54
Mn
Mg 0.26 0.2 0.05 0.04
Al 0.02 0.02
Si
P 0.24 0.15
S 0.32 0.19
Cl 0.44 0.23
K
Ca/C 2.79 0.84 2.07 3.62 1.88 0.56 2.66 0.80
O/C 2.62 1.97 2.93 2.20 2.21 1.66 2.77 2.08
O/Ca 0.94 2.35 1.42 3.55 1.18 2.95 1.04 2.61
sauropod membrane chicken membrane crocodile membrane ostrich membrane
wt% at% wt% at% wt% at% wt% at%
C 16.21 25.03 25.36 36.84 44.93 53.22 35.84 46.03
Ca 42.94 19.87 26.02 11.32 23.12 8.21 31 11.93
(¢] 44.98 52.14 46.43 50.62 40.6 36.1 41.41 39.92
Na 0.34 0.23
Mn 0.92 0.31
Mg 0.24 0.18 0.14 0.1 0.27 0.17
Al 0.7 0.48 0.09 0.06 1.5 0.79 0.47 0.27
Si 1.86 1.23 0.66 0.33 0.64 0.35
P 0.5 0.25
S 0.81 0.47 1.8 0.98 2.47 1.1 1 0.48
Cl 0.15 0.07 0.62 0.25 0.4 0.18
K 0.6 0.28 0.48 0.19
Ca/C 2.65 0.79 1.03 0.31 0.51 0.15 0.86 0.24
O/C 2.77 2.08 1.83 1.37 0.90 0.68 1.16 0.85
O/Ca 1.05 2.62 1.78 4.47 1.76 4.40 1.34 3.57
Finally, both antisera were tested against ground 35
sections of crocodile egg, to test antigen similarity and - e

distribution from that seen in extant birds. Figure 8 shows
that antibodies to chicken shell react strongly with both
crocodile shell and the SM (figure 8a), and fluorescent
signal concentrates in the ml, which is rich in organics.
Although reactivity of dinosaur antibodies to crocodile
shell is significantly less, binding can be seen in the lower
portions of the ml and innermost portion of the SM,
regions similar to the pattern seen with chicken shell
serum. To further demonstrate specificity, dinosaur
antibodies were incubated with an excess of dinosaur
shell extract to block the binding sites on the antibodies
that are specific to sauropod antigen. The antibodies
specific to sauropod antigens would then be unavailable to
bind antigen in the crocodile shell that was similar to
sauropod, but would leaving other, non-specific anti-
bodies free to bind. Additionally, if antibodies raised
against sauropod antigens were not specific for those
antigens, the more concentrated antigens present in the
extant shell would out-compete the dinosaur inhibitor,
and binding would be unaffected.

The inhibited antibodies were then incubated with the
crocodile shell as described. The binding pattern seen in
figure 8b disappears when specific antibodies are blocked
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Figure 5. Graphic display of elemental (EDX) data,
showing relative values of Ca/C, O/C and O/Ca. These
ratios are virtually identical for ostrich and sauropod shell,
while ratios obtained from other extant shells vary
significantly in these values. Ca/C and O/C values are much
higher in sauropod membrane than any extant membrane
studied, consistent with a greater degree of mineralization.
Extant SMs show greater O/C than Ca/C, a trend also seen
in sauropod membrane.
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Figure 6. Representative ELISA showing reactivity of pre-
immune (white, dark grey bars) and post-immunization
(light grey, black) test sera against multiple antigens. Both
test sera show significant reactivity with purified ovalbumin,
a predominant constituent of extant eggshell matrix and
membrane (Nys ez al. 2001). Chicken eggshell antibodies
react significantly above controls to extracted sauropod and
chicken eggshell antigens. Only sauropod antiserum reacts
with saruopod shell extracts. No reactivity is demonstrated
by any sera with extracted calcite mineral.

(figure 8¢). This supports specificity as well as molecular
similarity between antigenic components in the shells of
both taxa, and demonstrates the shared nature of some
of the components of crocodile shell matrix with those of
sauropod eggshells.

6. DISCUSSION

The cross-reactivity of chicken antiserum with sauropod
shell components, and sauropod antiserum with chicken
eggshell was demonstrated by two different assays
(figures 6 and 7). These results indicate molecular
similarity of shell-derived immunogens. This point is
further emphasized by the localization of antibody binding
(figures 7 and 8), suggesting that similar biochemical
structures have comparative sites of localization in both
chicken and sauropod eggshells. Both cross-reactivity and
pattern of localization provide evidence that the antisera
are detecting endogenous sauropod antigens.

To propose that this pattern arises from contamination
would require that the contaminant, molecularly similar to
eggshell proteins, infiltrated the shell and distributed in a
pattern similar to the distribution of extant shell organics.
Additionally, the reactivity of both antisera to ovalbumin
(figure 6) would require that the contaminant also be
present in this biochemically purified protein. A far more
parsimonious explanation is that ovalbumin is one of the
cross-reactive materials recognized by the antisera, and
that sauropod eggshells retain fragments of original,
immunogenic and antigenic organic material which are
homologous with some components in extant shell
matrices.

We have shown that in these well-preserved fossils, the
molecular structure of endogenous antigens may be
preserved for more than 70 Myr. The results show that
antigens preserved within fossil material retain immuno-
genicity, and that antisera made against both extant and
fossil materials can detect these antigens in fossils.
Although the exact chemical nature of the antigenic
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material has not been demonstrated, it has retained
similarities to extant native material in regard to those
structures recognized by the immune system.

Evidence supporting the preservation of endogenous
biomolecules in the pre-Cenozoic fossil record has
generally been met with scepticism, because it is
assumed that primary organic molecules cannot withstand
the alterations and breakdown that occur during diagene-
sis (e.g. Bada 1985; Runnegar 1986; Logan ez al. 1991;
Lindahl 1993). Laboratory experiments designed to
approximate molecular diagenesis apply physical and
chemical parameters not normally encountered in
nature (e.g. pH=1, T>300 °C) and do not account for
the protective effects of mineral association (e.g. Weiner
et al. 1989; Glimcher er al. 1990; Sykes er al. 1995).
Therefore, their utility as a proxy for diagenetic processes
at the molecular level in naturally preserved samples is
somewhat limited. We propose that, while such exper-
iments proved useful information regarding possible
degradation pathways, and some recent findings indicate
that protein persistence has been underestimated (Collins
et al. 2000), a more direct test of molecular longevity is the
application of multiple and varied analyses for endogenous
molecular components to extraordinarily preserved
fossils. We propose that exhaustive investigation of a
variety of these exceptional assemblages, from a spec-
trum of depositional and diagenetic environments, is an
important way of assessing biomolecular preservation,
because normal diagenetic processes are both slower and less
extensive than those simulated in laboratory experiments.

Despite scepticism regarding the premise of long-term
molecular survival based on laboratory experiments and
predictions of molecular kinetics, many studies have
shown that amino acids, short peptides, and amino sugars
can persist within fossils over a wide geological age
distribution (e.g. Weiner et al. 1976; Westbroek ez al.
1979; Armstrong et al. 1983 and references therein;
Lowenstein 1981, 1985; Ostrom et al. 1990; Collins
et al. 1991; Gurley et al. 1991; Muyzer et al. 1992;
Stankiewicz et al. 1997a,b, 1998; Schweitzer et al. 1997a,b,
1999a,b, 2002; Poinar et al. 1998; Collins ez al. 1999).
Immunological techniques have identified antigenic com-
pounds in fossils of varying ages and from various source
taxa (e.g. Rowley er al. 1986; Muyzer & Westbroek 1989;
Baird & Rowley 1990; Collins ez al. 1991; Lowenstein &
Scheuenstuhl 1991; Child & Pollard 1992; Nerlich et al.
1993; Franc ez al. 1995; Borja ez al. 1997; Schweitzer et al.
2002) including Cretaceous fossils (Collins ez al. 1991;
Muyzer et al. 1992; Schweitzer et al. 1997b, 1999a,b).

To preserve fossils in an exceptional manner requires
early cessation of diagenetic processes, and is attributable
to unusual physical and chemical conditions from death
through diagenesis, and minimal alteration of fossil
material at the macro and microscopic levels. This, in
turn, is correlated with the preservation of endogenous
biomolecules, fragments of molecules, or biomarkers
(i.e. altered molecular fragments that can be traced to
the original source, e.g. Hagelberg & Clegg 1991; Hedges
2002; Schweitzer er al. 2002). Because molecular preser-
vation has been correlated with morphological and
microstructural preservation (e.g. Hagelberg & Clegg
1991; Marota & Rollo 2002), optimizing the search for
endogenous organic components within fossil specimens
should involve careful selection of fossil specimens for
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Figure 7. Immunohistochemical localization of antigens in ground sections of extant and fossil eggshell. First two columns
are imaged using confocal fluorescence microscopy, third column is transmitted light image. (a),(d) Sauropod shell, and
(8),(7) chicken shell, incubated with pre-immune sera. (b) Sauropod shell exposed to antisauropod antiserum. (¢) Sauropod
shell exposed to chicken antiserum. (%) Chicken shell exposed to antisauropod antiserum. (k) Chicken shell exposed to
antichicken antiserum. (c),(f),(z),(/) same sample as (b),(e),(h),(k) correspondingly, visualized in transmitted light.
Fluorescent label (green) corresponds to location of antibody—antigen complexes. Dark regions show no specific antibody
binding. All data were collected under identical exposure and integration conditions. Intensity correlates with degree of
antibody binding, pattern of fluorescent distribution corresponds with location of components recognized by antibody. White
arrowheads show location of organic cores (OC) within mammillae. CP, arrows show regions of calcite precipitation between
mammillae of sauropod shell; ml, mammillary layer of shell; and SM, shell membrane.

study. Analyses of such extraordinary samples are a direct
test of survivability of biomolecules.

However, molecular analyses of fossils present
unique challenges. In part, this is because chemical
modifications occur during diagenesis (Mycke & Michae-
lis 1985; Rafalska et al. 1991; Poinar er al. 1998). These
modifications include breaking peptide bonds, removal or
alteration of original amino acid side chains, and cross-
linking of peptide fragments to other organic degradation
products, a process that makes organic material insoluble
and difficult to separate into constituent compounds
(Macko & Engel 1991; Poinar ez al. 1998). Condensation
reactions along this pathway may result in the formation of
hydrocarbons from proteinaceous precursors. Because
these products are hydrophobic and because the original
organics are contained within a biomineralized matrix
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(Weiner et al. 1989; Glimcher ez al. 1990; Sykes et al.
1995), the chances of retention of organic material that
contains remnants, however altered, of the original
compounds are greatly increased. The strong petroliferous
odour released upon decalcification of the eggshell
supports this pathway of degradation in these eggshells.
A lipid-containing molecular complex of degraded
organics and antigenic material may explain some of the
anomalies seen in our data. For example, low reactivity of
antibodies with dinosaur antigen by ELISA may be owing
to insufficient immobilization of antigen resulting from
lipid or hydrocarbon mixing with the antigens.

Finally, while the organic material extracted from
dinosaur eggshells shows characteristics consistent with
extant material similarly derived, it is recognized that
the antigenic material may or may not be derived from
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Figure 8. Immunohistochemical localization of antigens in
ground sections of crocodile eggshell probed with
antichicken and antidinosaur shell antibodies. Left panels
are imaged using confocal fluorescence microscopy, right
panels are transmitted light images. (a) chicken shell
antiserum shows strong reactivity throughout the shell matrix,
concentrated in the mammillary layer (ml) and the innermost
border of the shell membrane (SM). (b) Sauropod shell
antiserum shows reduced reactivity of the antiserum to
components of crocodile shell matrix, and reactivity is mostly
concentrated in the mammillary layer (ml) and the outer SM.
(¢) Antiserum incubated with excess sauropod extract prior to
exposure to crocodile shell to inhibit binding of sauropod-
specific antibodies to crocodile epitopes similar in structure
to sauropod antigen. See text for discussion.

proteinaceous precursors, and is surely diagenetically
altered from its original state. We do not claim here that
this material represents complete proteins. Indeed,
epitopes are known to be only a few amino acids in length
(Child & Pollard 1992); therefore, it is possible that
antigenic response may be owing to selective preservation
of a few peptides, or even altered, fossilized derivatives of
peptides.

The antisera that we have prepared may be used to
purify the antigenic material through affinity isolation
techniques. It may then be possible to perform further
biochemical analyses upon these materials, thus offering
the promise of subjecting dinosaur tissues to modern
molecular techniques, including amino acid sequencing
(Schweitzer et al. 2002).
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These eggs, containing such fragile and labile elements
as embryonic bone and fragments of embryonic skin,
attest to unusual taphonomic and diagenetic conditions
and provide an opportunity to expand the correlation
between unusual morphological preservation and the
presence of endogenous molecules.

This research was supported by a grant from the National
Science Foundation (EAR 99-73073 to MHS). The
Fundacion Antorchas, Infoquest Foundation, National
Geographic Society, and Municipalidad de Plaza Huincul
provided funding and logistic support during fieldwork.

We thank F. Jackson and the Museum of the Rockies for
ground thin section preparation and comments/discussions
that greatly enriched this manuscript. We also thank
K. Padian for editorial advice, D. Loope, R. Coria, J.
Schmitt and L. Dingus for field expertise, and S. Kruger,
J. Wittmeyer and L. McLandress for assistance with
analyses. Finally, we recognize and thank an anonymous
reviewer for his/her thoughtful and insightful comments
that contributed greatly to the readability and cohesiveness
of this paper.

REFERENCES

Arias, J. L. & Fernandez, M. S. 2001 Role of extracellular
matrix molecules in shell formation and structure.
World Poult. §. 57, 349-355.

Armstrong, W. G., Halstead, L. B., Reed, F. B. & Wood, L.
1983 Fossil proteins in vertebrate calcified tissues. Phil.
Trans. R. Soc. B 301, 301-343.

Bada, J. L. 1985 Amino acid racemization dating of fossils.
Annu. Rev. Earth Planet. Sci. 13, 241-268.

Baird, R. F. & Rowley, M. J. 1990 Preservation of
avian collagen in Australian quaternary cave deposits.
Paleontology 33, 442-451.

Borja, C., Garcia-Pacheco, M., Olivares, E. G,
Scheuenstuhl, G. & Lowenstein, J. M. 1997 Immunospe-
cificity of albumin detected in 1.6 million-year-old fossils
from Venta Micena in Orce, Granada, Spain. Am. ¥ Phys.
Anthropol. 103, 433-441.

Bridge, J. S. 1984 Large-scale facies sequences in alluvial
environments. ¥. Sediment. Petrol. 54, 583-588.

Carpenter, K. 1999 Eggs, mnests and baby dinosaurs.
Bloomington: Indiana University Press.

Carrino, D. A., Dennis, J. E., Wu, T. M., Arias, J. L.,
Fernandez, M. S., Rodriguez, J. P., Fink, D. J., Heuer,
A. H. & Caplan, A. I. 1996 The avian eggshell
extracellular matrix as a model for biomineralization.
Connect. Tissue Res. 35, 325-329.

Chiappe, L. M., Coria, R. A., Dingus, L., Jackson, F.,
Chinsamy, A. & Fox, M. 1998 Sauropod dinosaur
embryos from the Late Cretaceous of Patagonia. Nature
396, 258-261.

Chiappe, L. M., Dingus, L., Jackson, F., Grellet-Tinner, G.,
Aspinall, R., Clarke, J., Coria, R., Garrido, A. & Loope, D.
2000 Sauropod eggs and embryos from the Late Cretac-
eous of Patagonia. In First international symposium on
dinosaur eggs and babies 2000. Extended abstracts: 23-30.
Isona, Spain.

Chiappe, L. M., Salgado, L. & Coria, R. A. 2001 Embryonic
skulls of Titanosaur Sauropod Dinosaurs. Science 293,
2444-2446.

Chiappe, L. M., Schmitt, J. G., Jackson, F. D., Garrido, A.,
Dingus, L. & Grellet-Tinner, G. 2004 Nest structure for
sauropods: sedimentary criteria for recognition of
dinosaur nesting traces. Palios 19, 89-95.

Child, A. M. & Pollard, A. M. 1992 A review of the
applications of immunochemistry to archaeological bone.
F Archaeol. Sci. 19, 39-47.



Molecules in dinosaur eggs

M. H. Schweitzer and others 783

Collins, M. J., Muyzer, G., Westbroek, P., Curry, G. B.,
Sandberg, P. A., Xu, S. J., Quinn, R. & MacKinnon, D.
1991 Preservation of fossil biopolymeric structures:
conclusive immunological evidence. Geochim. Cosmochim.
Acta 55, 2253-2257.

Collins, M. J., Waite, E. R. & van Duin, A. C. T. 1999
Predicting protein decomposition: the case of aspartic acid
racemization kinetics. Phil. Trans. R. Soc. B, 354, 51-64.
(d0i:10.1098/rstb.1999.0359)

Collins, M. J., Gernaey, A. M., Nielsen-Marsh, C., Vermeer,
C. & Westbroek, P. 2000 Slow rates of degradation of
osteocalcin: green light for fossil bone protein? Geology 28,
1139-1142.

Dennis, J. E., Xiao, S-Q., Agarwal, M., Fink, D. ],
Heuer, A. H. & Caplan, A. 1. 1996 Microstructure of
matrix and mineral components of eggshells from white
leghorn chickens (Gallus gallus). J. Morphol. 228, 287-306.

Dennis, J. E., Carrino, D. A., Yamaashita, K. & Caplan, A. I.
2000 Monoclonal antibodies to mineralized matrix
molecules of the avian eggshell. Mazrix Biol. 19, 683-692.

Dingus, L., Clarke, J., Scott, G. R., Swisher, C. C., Chiappe,
L. M. & Coria, R. A. 2000 Stratigraphy and
magnetostratigraphic/faunal constraints for the age of
Sauropod embryo-bearing rocks in the Neuquen Group
(Late Cretaceous, Neuquen Province, Argentina).
Am. Mus. Novit. 3290, 2—-11.

Esteban, M. & Klappa, C. F. 1983 Subaerial exposure
enviroment. In Carbonate depositional enviroments (ed. P. A.
Scholle, D. G. Bebout & C. H. Moore). Am. Assoc. Pet.
Geol., Mem. 33.

Ewert, M. A., Firth, S. ]J. & Nelson, C. E. 1984 Normal and
multiple eggshells in batagurine turtles and their
implications for dinosaurs and other reptiles. Can.
F Zool. 62, 1834-1841.

Franc, S., Marzin, E., Boutillon, M. M., LaFont, R., Lechene
de la Porte, P. & Herbage, D. 1995 Immunohistochemical
and biochemical analyses of 20 000-25 000 year old fossil
cartilage. Eur. ¥ Biochem. 234, 125.

Glimcher, M. ]J., Cohen-Solal, X. V., Kossiva, D. &
deRicqles, A. 1990 Biochemical analyses of fossil enamel
and dentin. Paleobiology 16, 219-232.

Goudie, A. S. 1983 Chemical sediments and geomorphology:
precipitates and residues in the near-surface enviroments (ed.
A. S. Goudie & K. Pye), pp. 93-131. New York: Academic
Press.

Grellet-Tinner, G., Chiappe, L. M. & Coria, R. 2004 Eggs of
titanosaurid sauropods from the Upper Cretaceous of Auca
Mahuevo (Argentina). Can. §. Earth Sci. 41, 949-960.

Gurley, L. R., Valdez, J. G., Spall, W. D., Smith, B. F. &
Gillette, D. D. 1991 Proteins in the fossil bone of the
dinosaur, Seismosaurus. J. Prot. Chem. 10, 75-90.

Hagelberg, E. & Clegg, J. B. 1991 Isolation and character-
ization of DNA from archaeological bone. Proc. R. Soc. B
244, 45-50.

Hedges, R. E. M. 2002 Bone diagenesis: an overview of
processes. Archacometry 44, 319-328.

Hirsch, K. F. 1996 Parataxonomic classification of fossil
chelonian and gecko eggs. ¥ Vertebr. Paleontol. 16, 752-762.

Hirsch, K. F. 2001 Pathological amniote eggshell—fossil
and modern. In Mesozoic vertebrate life (ed. D. H. Tanke
& K. Carpenter), pp. 378-392. Bloomington: Indiana
University Press.

Hoss, M. & Paabo, S. 1993 DNA extraction from Pleistocene
bones by a silica-based purification method. Nucleic Acids
Res. 21, 3913-3914.

Jackson, F. D. & Varricchio, D. V. 2002 Abnormal, multi-
layered eggshell in birds: implications for dinosaur
reproductive anatomy. . Vertebr. Paleontol. 23, 699-702.

Proc. R. Soc. B (2005)

Jackson, F. D., Schweitzer, M. H. & Schmitt, J. G. 2002
Dinosaur eggshell study wusing scanning electron
microscopy. Scanning 24, 217-223.

Jackson, F. D., Garrido, A., Schmitt, J. G., Chiappe, L. M.,
Dingus, L. & Loope, D. B. 2004 Abnormal, multilayered
titanosaur (Dinosauria: Sauropoda) eggs from i situ
clutches at the Auca Mahuevo locality, Neuquén Province,
Argentina. ¥ Vertebr. Paleontol. 24, 913-922.

Jerzykiewicz, T. & Sweet, A. R. 1987 Semiarid floodplain as a
paleoenviromental setting of the Upper Cretaceous dino-
saurs: sedimentological evidence from Mongolia and
Alberta. In Fourth Symposium on Mesozoic terrestrial ecosys-
tems. Occasional paper of the Tyrrell Museum of Paleontol-
ogy #3 (ed. P. J. Currie & E. H. Koster), pp. 120-126.
Drumbheller, Canada: Tyrrell Museum.

Kohring, R. 1999 Strukturen, biostratinomie, systematische
und phylogenetishche relevanz von Eischalen amnioter
wirbeltiere. CFS Cour. Forsch. Senckenberg 210, 1-307.

Legarreta, L. & Gulisano, C. A. 1989 Analisis estratigrafico
de la Cuenca Neuquina (Triasico superior—Terciario
inferior, Argentina). In Cuencas Sedimentarias Argentinas.
Serie de Correlacion Geologica, No. 6 (ed. G. Chebli &
L. Spalletti), pp. 221-244. Buenos Aires: Universidad
Nacional de Tucuman, Instituto Superior de Correlacion
Geologica.

Lindahl, T. 1993 Instability and decay of the primary
structure of DNA. Nature 362, 709-715.

Logan, G. A., Collins, M. J. & Eglinton, G. 1991 Preservation
of organic biomolecules. In Taphonomy: releasing the
data locked in the fossil record (ed. P. A. Allison & D. E. G.
Briggs), pp. 1-24. New York: Plenum Press.

Lowenstein, J. M. 1981 Immunological reactions from fossil
material. Phil. Trans. R. Soc. B 292, 143-149.

Lowenstein, J. M. 1985 Molecular approaches to the
identification of species. Am. Sci. 73, 541-546.

Lowenstein, J. M. & Scheuenstuhl, G. 1991 Immunological
methods in molecular palaecontology. Phil. Trans. R. Soc. B
333, 375-380.

Macko, S. A. & Engel, M. H. 1991 Assessment of indigeneity
in fossil organic matter: amino acids and stable isotopes.
Phil. Trans. R. Soc. B 333, 367-374.

Marota, I. & Rollo, F. 2002 Molecular paleontology. Cell.
Mol. Life Sci. 59, 97-111.

Mikhailov, K. E. 1991 Classification of fossil eggshells of
amniote vertebrates. Acta Palaeontol. Pol. 36, 193-238.
Mikhailov, K. E. 1992 The microstructure of avian and
dinosaurian eggshells: phylogenetic implications. In
Papers in avian paleontology honoring Pierce Brodkorb,
contributions in science (ed. K. E. Campbell), pp. 361-
373. Los Angeles: Natural History Museum of Los

Angeles County.

Muyzer, G. & Westbroek, P. 1989 An immunohistochemical
technique for the localization of preserved biopoly-
meric remains in fossils. Geochim. Cosmochim. Acta 53,
1699-1702.

Muyzer, G., Sandberg, P., Knapen, M. J. H., Vermeer, C.,
Collins, M. & Westbroek, P. 1992 Preservation of the
bone protein osteocalcin in dinosaurs. Geology 20, 871-
874.

Mycke, B. & Michaelis, W. 1985 Molecular fossils from
chemical degradation of macromolecular organic matter.
Org. Geochem. 10, 847-858.

Nerlich, A. G., Parsche, F., Kirsch, T., Wiest, I. & von Der
Mark, K. 1993 Immunohistochemical detection of inter-
stitial collagens in bone and cartilage tissue remnants in an
infant Peruvian mummy. Am. ¥ Phys. Anthropol. 91, 279—
285.

Nys, Y., Hincke, M. T., Arias, J. L., Garciea-Ruiz, J]. M. &
Solomon, S. E. 1999 Avian eggshell mineralization. Poulz.
Aw. Biol. Rev. 10, 143-166.


http://dx.doi.org/10.1098/rstb.1999.0359

784 M. H. Schweitzer and others

Molecules in dinosaur eggs

Nys, Y., Gautron, J., McKee, M. D., Garcia-Ruiz, J. M. &
Hincke, T. 2001 Biochemical and functional characteris-
ation of eggshell matrix proteins in hens. World Poult. Sci.
7 57,401-413.

Ostrom, P. H., Macko, S. A., Engel, M. H., Silfer, J. A. &
Russell, D. 1990 Geochemical characterization of high
molecular weight organic material from fossils. Org.
Geochem. 16, 1129-1138.

Panheleux, M., Bain, M., Fernandez, M. S., Morales, I.,
Gautron, J., Arias, J. L., Solomon, S. E., Hincke, M. & Nys,
Y. 1999 Organic matrix composition and ultrastructure of
eggshell: a comparative study. Br. Poult. Sci. 40, 240-252.

Poinar, H. N., Hofreiter, M., Spaulding, W. G., Martin, P. S.,
Stankiewicz, B. A., Bland, H., Evershed, R. P., Possnert,
G. & Paabo, S. 1998 Molecular coproscopy: dung and diet
of the extinct ground sloth, Nothrotheriops shastensis.
Science 281, 402-406.

Rafalska, J. K., Engel, M. H. & Lanier, W. P. 1991
Retardation of racemization rates of amino acids
incorporated into melanoidins. Geochim. Cosmochim.
Acta 55, 3669-3675.

Rowley, M. J., Rich, P. V., Rich, T. H. & Mackay, I. R. 1986
Immunoreactive collagen in avian and mammalian fossils.
Naturwissenschaften 73, 620—-623.

Runnegar, B. 1986 Molecular palaeontology. Palaeontology
29, 1-24.

Schweitzer, M. H., Johnson, C., Zocco, T. G., Horner,J. R. &
Starkey, J. R. 1997a Preservation of biomolecules in
cancellous bone of Tyrannosaurus rex. J. Vertebr. Paleontol.
17, 349-359.

Schweitzer, M. H., Marshall, M., Carron, K., Bohle,
D. S., Busse, S. C., Arnold, E. V., Barnard, D.,
Horner, J. R. & Starkey, J. R. 19976 Heme compounds
in dinosaur trabecular bone. Proc. Natl Acad. Sci. USA
94, 6291-6296.

Schweitzer, M. H., Watt, J. A., Avci, R., Forster, C. A.,
Krause, D. W., Knapp, L., Rogers, R. R., Beech, I. &
Marshall, M. 1999a Keratin specific immunoreactivity in
the Cretaceous fossil bird, Rahonavis Ostromi. § Vertebr.
Paleontol. 19, 712-722.

Schweitzer, M. H., Watt, J. A., Avci, R., Knapp, L., Chiappe,
L., Norell, M. & Marshall, M. 19995 Beta-keratin specific
immunological reactivity in feather-like structures of the
Cretaceous Alvarezsaurid, Shuvuuia deserti. §. Exp. Zool.
(Mol. Dev. Evol.) 285, 146-157.

Proc. R. Soc. B (2005)

Schweitzer, M. H., Hill, C. L., Asara, J. M., Lane, W. S. &
Pincus, S. H. 2002 Identification of immunoreactive
material in mammoth fossils. ¥ Mol. Evol. 55, 696-705.

Stankiewicz, B. A., Briggs, D. E. G. & Evershed, R. P. 1997a
Chemical composition of Paleozoic and Mesozoic fossil
invertebrate cuticles as revealed by pyrolysis-gas
chromatography/mass spectrometry. Energy and Fuels
11, 515-521.

Stankiewicz, B. A., Briggs, D. E. G., Evershed, R. P,
Flannery, M. B. & Wuttke, M. 19975 Preservation of chitin
in 25-million-year-old fossils. Science 276, 1541-1543.

Stankiewicz, B. A., Poinar, H. N., Briggs, D. E. G., Evershed,
R. P. & Poinar, G. O., Jr. 1998 Chemical preservation of
plants and insects in natural resins. Proc. R. Soc. B, 265,
641-647. (doi:10.1098/rspb.1998.0342)

Sykes, G. A., Collins, M. J. & Walton, D. I. 1995 The
significance of a geochemically isolated intracrystalline
organic fraction within biominerals. Org. Geochem.
23, 1059-1065.

Vianey-Liaud, M., Mallan, P., Buxcail, O. & Montgelard, C.
1994 Review of frence dinosaur eggshells: morphology,
structure, mineral, and organic composition. In Dinosaur
eggs and babies (ed. K. Carpenter, K. F. Hirsch & J. R.
Horner), pp. 151-183. Cambridge University Press.

Weiner, S., Lowenstam, H. A. & Hood, L. 1976 Character-
ization of 80-million-year old mollusk shell proteins.
Proc. Natl Acad. Sci. USA 73, 2541-2545.

Weiner, S., Traub, W., Elster, H. & DeNiro, M. J. 1989 The
molecular structure of bone and its relation to diagenesis.
Appl. Geochem. 4, 231-232.

Westbroek, P., Van der Meide, P. H., van der Wey-Kloppers,
J. S., van der Sluis, R. J., de Leeuw, J. W. & de Jong, E. W.
1979 Fossil macromolecules from cephalopod shells:
characterization, immunological response and diagensis.
Paleobiology 5, 151-167.

Zelenitsky, D. K. & Hills, L. V. 1997 Normal and pathological
eggshells of Spheroolithus albertensis, oosp. nov., from the
Oldman formation (Judith river group, late Campanian),
southern Alberta. J. Vertebr. Paleontol. 17, 167-171.

The supplementary Electronic Appendix is available at http://dx.doi.
org/10.1098/rspb.2004.3043 or via http://www.pubs.royalsoc.ac.uk

As this paper exceeds the maximum length normally permitted, the
authors have agreed to contribute to production costs.


http://dx.doi.org/10.1098/rspb.1998.0342
http://dx.doi.org/10.1098/rspb.2004.3043
http://dx.doi.org/10.1098/rspb.2004.3043
http://www.pubs.royalsoc.ac.uk

	Molecular preservation in Late Cretaceous sauropod dinosaur eggshells
	Introduction
	Geologic setting
	Material and methods
	Results
	Microscopy

	Elemental analyses
	Extraction of organic components
	Immunological analyses

	Discussion
	This research was supported by a grant from the National Science Foundation (EAR 99-73073 to MHS). The Fundacion Antorchas, Infoquest Foundation, National Geographic Society, and Municipalidad de Plaza Huincul provided funding and logistic support duri...
	References


